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“Observar sin pensar es tan peligroso como pensar sin observar” 
 











“Better than seeking the truth without method is never to think about it, because 
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Resumen en español 
 
Introducción 
La peri-implantitis es una enfermedad inflamatoria crónica causada 
fundamentalmente por bacterias, que produce inflamación y pérdida de hueso peri-
implantaria. Diferentes factores como el tipo de conexión entre el pilar y el implante o las 
características de superficie influyen directamente en el mantenimiento de los niveles 
óseos peri-implantarios. Un tipo de conexión implante-pilar conocida como “cambio de 
plataforma” ha demostrado mayor estabilidad del hueso peri-implantario gracias al 
espacio extra que proporciona a los tejidos blandos y su consiguiente sellado mucoso 
alrededor del implante. Sin embargo, el papel que juega en el inicio y progresión de la 
peri-implantitis sigue sin estar claro. De forma similar, innovaciones en la composición 
química de la superficie implantaria han demostrado proporcionar una unión más íntima 
entre el implante  y el hueso. Sin embargo, el hecho de que dicho incremento en el 
contacto entre el hueso y el implante proporcione mayor protección frente a la peri-
implantitis sigue siendo una incógnita.  
Mediante los procedimientos de cirugía regenerativa actuales es posible conseguir 
re-oseointegración de una superficie previamente contaminada, sin embargo, dicha re-
oseointegración sigue siendo impredecible y difícil de obtener de forma completa. En este 
sentido, factores de crecimiento como las proteínas morfogenéticas han demostrado 
incrementar la capacidad osteogénica de procedimientos como la elevación de seno 
maxilar o el aumento horizontal de cresta. Sin embargo, los estudios que evalúan la 




Los objetivos de esta serie de estudios fueron: a) evaluar el grado de regeneración 
ósea y re-oseointegración mediante la utilización de una combinación de un sustituto óseo 
xenogénico junto a rhBMP-2 y una membrana de colágeno en defectos óseos producidos 
tras peri-implantitis experimental (estudio 1); b) evaluar la pérdida ósea a lo largo del 
proceso de peri-implantitis experimental usando dos tipos de conexión implante-pilar 
diferentes en implantes con la misma superficie (estudio 2); 3) evaluar la influencia de la 




fosfonatos en la oseointegración (estudio 3); y 4) evaluar la susceptibilidad de esta nueva 
superficie en el desarrollo de la peri-implantitis experimental (estudio 4).  
Material y métodos 
Estudio 1. Se instalaron 36 implantes en 6 perros Beagle, 3 meses después de las 
extracciones dentarias. Tras inducir peri-implantitis experimental, los defectos 
óseos fueron aleatorizados en dos grupos de tratamiento: a) test que consistió en 
hueso bovino deproteinizado con 10% de colágeno, cargado con rhBMP-2, todo 
ello cubierto con una membrana de colágeno y b) control, usando el mismo 
xenoinjerto y membrana, pero empapados en suero salino. Tras un periodo de 8 
semanas de cicatrización sumergida, se tomaron variables clínicas, radiográficas 
e histológicas. Se consideró a la regeneración histológica del defecto como 
variable respuesta primaria y al perro como unidad de análisis.  
Estudio 2. Se sometieron a peri-implantitis experimental 48 implantes Tissue 
Level SLA Regular Neck con una conexión sin cambio de plataforma y 36 
implantes Bone Level SLA con conexión cambio de plataforma en dos 
investigaciones preclínicas in vivo independientes. Se indujo peri-implantitis 
experimental por medio de ligaduras de seda durante 3 meses (fase de inducción), 
seguidos de un mes adicional sin ligaduras (fase de progresión). Se registraron 
longitudinalmente variables respuesta radiográficas y clínicas. 
Estudio 3. Se siguió un diseño experimental de ensayo pre-clínico aleatorizado 
controlado mediante control intrasujeto y dos periodos de cicatrización evaluados 
(2 y 8 semanas tras la colocación de los implantes) con objeto de comparar dos 
implantes con diseño macroscópico idéntico pero con diferentes superficies. Los 
implantes test presentaban una superficie tratada químicamente mediante una 
monocapa de fosfonatos, enlazada de forma covalente con el titanio, mientras que 
los implantes control presentaban una superficie moderadamente rugosa 
convencional. Se evaluaron variables respuesta histológicas y radiográficas 
(microCT). 
Estudio 4. Tres meses después de las extracciones de premolares y primer molar 
se colocaron 5 implantes test y 5 implantes control en cada perro Beagle (n=8) 
mediante diseño a boca partida. Se indujo peri-implantitis experimental mediante 
ligaduras de seda durante 4 meses y, tras ser retiradas, se mantuvo ausencia de 
control de placa durante otros 4 meses más. Se evaluaron variables clínicas, 





Estudio 1. Se observó una reducción parcial de los defectos peri-implantarios en 
ambos grupos. El análisis histomorfométrico desveló mayor regeneración ósea en 
el grupo test aunque las diferencias no fueron estadísticamente significativas en 
términos de regeneración del defecto óseo ni de porcentaje de re-oseointegración.  
Estudio 2. Durante la fase de inducción, la pérdida de hueso radiográfica fue 
significativamente mayor en los implantes sin cambio de plataforma comparados 
con los implantes con cambio de plataforma (2.65±0.66 mm vs 0.84±0.16 mm 
respectivamente). En la fase de progresión, ambos implantes con conexiones 
diferentes presentaron grados similares de pérdida ósea radiográfica. Estos 
resultados fueron corroborados en las variables clínicas. 
Estudio 3. Se observó una localización más coronal del primer contacto hueso-
implante en el grupo test, tanto en cicatrización temprana, como en cicatrización 
tardía. Los implantes test presentaron mayor grado de oseointegración cuando se 
evaluó la zona coronal del implante, siendo un 6.33% y 13.38% mayor a las 2 y 8 
semanas respectivamente. Sin embargo estas tendencias no alcanzaron 
significación estadística. Con respecto al análisis mediante microCT, no se 
encontraron diferencias entre los grupos.  
Estudio 4. Al final de la fase de inducción y progresión se observó una pérdida 
ósea peri-implantaria similar en ambos grupos. Tras el análisis histomorfométrico 
se observó menor pérdida ósea en los implantes test, frente a los implantes del 
grupo control (DL= 3.14 ± 0.42 mm vs 3.26 ± 0.28 mm) así como un mayor 
porcentaje de contacto hueso-implante (%BIC) en los implantes test, comparados 
con los control (59.38±18.62 vs 47.44±20.46, respectivamente). Sin embargo, 
estas diferencias no alcanzaron significación estadística.  
 
Conclusiones 
La suma de rhBMP-2 a un sustituto óseo basado en xenoinjerto bovino combinado 
con un 10% de colágeno fracasó a la hora de demostrar mayor percentaje de re-
oseointegración de una superficie previamente contaminada. Los implantes con conexión 
de cambio de plataforma demostraron una inducción de peri-implantitis experimental más 
ligera comparado con los implantes sin cambio de plataforma. Aunque el tratamiento 




implante, fue incapaz de demostrar menor susceptibilidad a la peri-implantitis 








Peri-implantitis is a chronic inflammatory disease caused by bacteria resulting in  
peri-implant tissue inflammation and bone loss. Several factors such as the implant-
abutment connection or the implant surface are known to be closely related to the 
maintenance of peri-implant bone levels. Different implant to abutment configurations, 
such as platform switching have shown to facilitate bone stability by providing extra 
space for the peri-implant soft tissue seal. However, its influence on the initiation and 
progression of peri-implantitis remains unclear. Similarly, innovations in the chemical 
composition of the implant surface have shown a stronger bond between the implant and 
the surrounding bone. However, whether this covalent bonding may as well provide 
increased protection against bacterial challenge and hence, a lesser incidence of 
periimplantitis, is still unknown.  
With current regenerative surgical interventions, re-osseointegration of a 
previously contaminated implant surface has been shown to be possible, although its 
predictability has not been demonstrated.  Growth factors such as bone morphogenetic 
proteins have demonstrated osteogenic activity when used in bone regenerative 
interventions, mainly when used in sinus lifting and lateral bone augmentation 
procedures. However, studies using BMP-2 aiming for re-osseointegration of peri-
implantitis bone defects have showed conflicting results.  
 
Objectives 
The objectives of this series of investigations were: a) to evaluate the degree of 
bone regeneration and re-osseointegration when combining a xenogeneic bone 
replacement graft plus rhBMP-2 and a collagen membrane in ligature induced peri-
implantitis osseous defects in dogs (study 1); b) to evaluate the rate of bone loss 
progression during experimentally induced peri-implantitis using two different implant-
abutment connections in implants with identical surface topography (study 2); c) to 
evaluate the influence of modifying the implant surface by adding a monolayer of multi-
phosphonate molecules on de-novo bone formation and osseointegration (study 3); and 
d) to evaluate the susceptibility to bone loss of a novel multi-phosphonate implant surface 




Material and methods 
Study 1. Thirty six platform switching, SLA implants were placed in a total of 6 
Beagle dogs, 3 months after tooth extraction. Once experimental peri-implantitis 
was induced, defects were randomly allocated into two treatment groups: a) test 
with de-proteinized bovine bone mineral with 10% collagen soak-loaded with rh-
BMP2 covered with a natural collagen membrane and b) control, using the same 
scaffold and membrane, but soaked with saline. After a period of 8 weeks of 
healing in a submerged environment, clinical, histologic and radiographic 
outcomes were evaluated. Histological bone defect regeneration (BR) was 
considered as the primary outcome variable, and the dog was used as the unit of 
analysis. 
Study 2. Forty eight Regular Neck Tissue Level SLA implants with a matching 
implant to abutment connection and thirty six bone level SLA implants with a 
platform switching implant to abutment connection were subject to experimental 
periimplantitis in two independent in vivo pre-clinical investigations. Data from 
the Study 1 belongs to one of the studies included. Experimental peri-implantitis 
was induced by means of silk ligatures for 3 months (induction phase), followed 
by one month without ligatures (progression phase). Radiographic and clinical 
outcomes were evaluated longitudinally, while histological outcomes were 
assessed at the end of each experiment. 
Study 3. The study was designed as a pre-clinical randomized controlled trial with 
intra-subject control and two healing periods (2 and 8 weeks after implant 
placement) to compare implants with identical macro-design but with two 
different surfaces. Test implants (n=40) presented a monophosphonate layer 
covalently bonded to titanium and control implants (n=40) with a moderately 
rough surface combining sand blasting and acid etching. Histologic (primary 
outcome variable) and radiographic (microCT) osseointegration outcome 
variables were evaluated. 
Study 4. 5 Test and 5 control implants were placed in each Beagle dog (n=8) in a 
split-mouth design 3 months after premolar and molar extractions. Experimental 
peri-implantitis was induced by means of placing silk ligatures for 4 months, and 
then once removed, for another period of 4 months without plaque control. 








Study 1. Partial defect resolution was observed in both treatment groups. The 
histometric analysis showed a higher degree of bone regeneration for the test 
group, although differences were not statistically significant, both in terms of 
histologic bone gain and percentage of re-osseointegration. 
Study 2. during the induction phase, radiographic bone loss was significantly 
higher in implants with matched abutments compared with those with platform 
switching connections (2.65±0.66 mm vs 0.84±0.16 mm respectively). During the 
progression phase, both types of implant-abutment connection exhibited similar 
rates of radiographic bone loss. Similar outcomes were observed clinically and 
histologically. 
Study 3. The first bone to implant contact (fBIC) was located more coronal at test 
implants in both early (0.065 mm (95%CI=-0.82, 0.60)) and delayed healing (0.17 
mm (95%CI=-0.9, 0.55)). When evaluating the most coronal BIC, test implants 
presented a higher percentage of osseointegration. This was 6.33% and 13.38% 
higher at 2 and 8 weeks, respectively. These tendencies were not statistically 
significant. At the micro-ct level, no differences were observed. 
Study 4. Radiographically both implants showed a similar amount of bone loss at 
the end of the induction and progression phases. Histomorphometry less bone loss 
occurred in test when compared with control implants (DL= 3.14 ± 0.42 mm and 
3.26 ± 0.28 mm) and the remaining buccal bone to implant contact (%BIC) was 
higher in the test versus the control implants (59.38±18.62 and 47.44±20.46, 
respectively) but these differences were not statistically significant.  
 
Conclusions 
It can be concluded that the addition of rhBMP-2 to a collagen/bovine bone 
mineral xenograft scaffold failed to significantly improve re-osseointegration of a 
previously contaminated surface. Platform switching implant to abutment connection 
demonstrated a milder experimental induction of the disease as compared to platform 
matching implant to abutment connection. Monophosphonate ions chemical implant 




moderately rough implant surface, however, this increased bone response did not prevent 











According to 2017 World Workshop on the Classification of Periodontal and Peri-
Implant Diseases and Conditions, peri-implant diseases are divided into peri-implant 
mucositis and peri-implantitis (Schwarz, Derks, Monje, & Wang, 2018). The main feature 
of peri-implant mucositis is inflammation, identified as clinical bleeding on gentle 
probing but without peri-implant bone loss. On the other hand, peri-implantitis is defined 
as a plaque-associated pathological condition occurring in tissues surrounding dental 
implants. This disease is characterized by inflammatory conditions on the peri-implant 
mucosa, clinically detectable by bleeding on probing and progressive supporting bone 
loss, which must be identified radiographically. To define a peri-implantitis case, 
bleeding and/or suppuration on gentle probing, increased probing depth compared to 
previous examinations or mucosal recession and bone loss must be identified. In the 
absence of previous examinations, presence of bleeding and/or suppuration on gentle 
probing must be combined with probing depths superior to 6 mm and bone levels equal 
or superior to 3 mm apical to the most coronal portion of the intraosseous part of the 
implant (Berglundh et al., 2018).   
 






There is evidence on the role of the bacteria accumulating on dental implants or 
its components as the main etiological factor for peri-implant diseases. Peri-implantitis is 
considered a bacterial-driven infection. Similar to periodontitis around natural teeth, a 
predominantly gram-negative anaerobic microbiota is associated with peri-implantitis 
lesions (Mombelli & Decaillet, 2011; Renvert, Roos-Jansaker, Lindahl, Renvert, & 
Rutger Persson, 2007). Studies analyzing healthy and diseased implant sites have reported 
significantly higher counts of pathogenic bacteria around implants with peri-implantitis 
when compared with implants with healthy periimplant tissues (Koyanagi et al., 2013; 
Mombelli & Decaillet, 2011). In experimental studies,  dental plaque accumulation has 
been associated with chronic inflammatory lesion within the periimplant tissues 
(Berglundh, Lindhe, Marinello, Ericsson, & Liljenberg, 1992). Experimentally induced 
peri-implant mucositis has also been demonstrated in humans when dental plaque is 
allowed to accumulate, although this lesion may be reversible when the plaque control 
regimen was restituted  (Pontoriero et al., 1994). Recent studies showed that peri-implant 
health and peri-implantitis situations were associated with compositional shifts within 
bacterial communities rather than the presence of specific bacteria. When peri-implantitis 
occurs, a dysbiosis is observed, altering not only disease-associated bacteria but also 
health associated bacteria in a complete biofilm shift. (Belibasakis & Manoil, 2020). 
 






Several systematic reviews have addressed the question regarding how many 
people are affected by peri-implant diseases. Derks & Tomasi reported that 43 % of the 
patients treated with implants presented peri-implant mucositis, while 22 % of these 
patients suffered from peri-implantitis after a function time ranging between 3.4 and 11 
years (Derks & Tomasi, 2015). A recent systematic review has reported that 21.2 % of 
the patients with implant in function for at least 10 years were diagnosed with peri-
implantitis (Dreyer et al., 2018). In Spain, one out of two patients present peri-implant 
diseases. From those, 27 % of the patients present peri-implant mucositis, while 24 % of 
the patients are diagnosed with peri-implantitis (Rodrigo et al., 2018).  
 
 
Figure 3. Forest plots of meta-analysis for prevalence of peri-implant mucositis (A) and 










Prevalence refers to proportion of persons who have peri-implantitis at or during 
a particular time period, whereas incidence refers to the proportion or rate of persons who 
develop peri-implantitis during a particular time period. 
The incidence of peri-implant diseases is influenced by several environmental, 
iatrogenic or patient related factors.  
 
Factors that have demonstrated a clear association with an increased risk of peri-
implantitis are: 
• History of periodontal disease: As periodontitis and peri-implantitis share a similar 
etiology and pathogenesis, it is reasonable to consider that patients that have suffered 
from periodontitis would demonstrate a higher incidence of peri-implantitis. This fact 
has been shown in different prospective cohort studies, such as a 10 year study 
comparing patients with or without history of periodontitis, demonstrating a 
significant difference in the incidence of periimplantitis (29 versus 6% respectively) 
(Karoussis et al., 2003). Other longitudinal and cross-sectional studies aggregated  in 
systematic reviews, have clearly shown increased odds ratios of developing peri-
implantitis in patients with a previous history of periodontitis (Stacchi et al., 2016). 
• Poor oral hygiene: Presence and accumulation of plaque is directly associated with 
an increased bacterial challenge and with the development of peri-implant 
inflammation. High plaque scores are either present in patients with poor performance 
in oral hygiene procedures, or in those situations where implants are restored with 
prosthetic restorations with a design that does not allow an adequate plaque removal 
(Serino & Strom, 2009). Another key associated factor is the noncompliance by the 
patient of prescribed maintenance therapy recall visits. There is scientific evidence 
that patients with plaque scores >2  have significantly high odds ratio of suffering 
peri-implantitis (OR=14) (Ferreira, Silva, Cortelli, Costa, & Costa, 2006). A mean 
plaque score of 1.6 has been estimated to increase peri-implantitis odds ratio up to 8 
(Kumar, Dabdoub, Hegde, Ranganathan, & Mariotti, 2018). With regards to the effect 
of maintenance therapy, patients diagnosed with peri-implant mucositis without 
regular maintenance, will develop peri-implantitis in 43.9% of cases, while complier 
patients only will develop peri-implantitis in 18% of the cases after 5 years. Hence, 
the lack of compliance with maintenance therapy also results in a significant rise in 
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the risk of developing periimplantitis (OR=6)  (Costa et al., 2012). In contrast, patients 
following a twice per year regular maintenance therapy have shown significantly 
lesser incidence of  peri-implantitis (Monje, Wang, & Nart, 2017).  
• Tobacco smoking: Tobacco smoking has severe disrupting effects on the oral cavity, 
due to its vasoconstrictor effect, reduction in vascular supply and impairment of the 
host response against the bacterial challenge. Longitudinal studies have shown an 
increased incidence of peri-implantitis in patients that smoked (18%) vs non-smokers 
(6%) (L. J. Heitz-Mayfield, 2008; Karoussis et al., 2003). However, when 
confounding factors such as history of periodontitis or implant surface are controlled 
in the analysis, the effect of tobacco smoking seems diluted (Sgolastra, Petrucci, 
Severino, Gatto, & Monaco, 2015). Nowadays, statistical association between 
tobacco smoking and peri-implant disease is not clear (Schwarz et al., 2018), however 
it should kept in mind that tobacco has severe effects in oral and general health. 
• Diabetes Mellitus:  Diabetes Mellitus (DM) is a frequent group of disorders that lead 
to altered glucose metabolism. High levels of glucose in the organism cause severe 
alterations in body tissues, included periodontal and peri-implant tissues, provoking 
an increased cytokine inflammatory reaction against the bacterial challenge. Indeed, 
DM is demonstrated as a risk factor for periodontitis (Genco & Borgnakke, 2013). 
Regarding the influence of DM on peri-implant diseases, data is controversial. Some 
authors found elevated prevalence of peri-implantitis on diabetic patients (Ferreira et 
al., 2006; Tawil, Younan, Azar, & Sleilati, 2008), while others failed to demonstrate 
statistical association between the diseases (Dalago, Schuldt Filho, Rodrigues, 
Renvert, & Bianchini, 2017; Renvert, Aghazadeh, Hallstrom, & Persson, 2014). In 
general terms, it seems that when DM is controlled and glycated hemoglobin (HbA1c) 
levels are under 6.5%, the odds of developing peri-implant diseases are similar to non-
diabetic patients (Al Amri et al., 2017; Al Amri et al., 2016), however when glucose 
and HbA1c levels are high due to uncontrolled DM, odds of suffering peri-implantitis 
rise (Monje, Catena, & Borgnakke, 2017; Turri, Rossetti, Canullo, Grusovin, & 
Dahlin, 2016).  
 
Apart from these well-established risk factors, there are other factors (risk indicators) 
that have shown significant association with peri-implantitis in cross sectional studies, 





• Keratinized mucosa: Keratinized mucosa (KM) acts as a tissue barrier that protects 
peri-implant tissues against mechanical trauma, bacterial challenge, and allows the 
patient to perform comfortably adequate oral hygiene techniques. Lack of KM (< 2 
mm) has been significantly associated to higher patient discomfort and pain when 
brushing peri-implant area (Souza, Tormena, Matarazzo, & Araujo, 2016). 
Difficulties in oral hygiene procedures lead to higher plaque accumulation, which is 
the main etiological factor of peri-implant mucositis (Gobbato, Avila-Ortiz, Sohrabi, 
Wang, & Karimbux, 2013; Lin, Chan, & Wang, 2013) and increased risk of future 
mucosal recession (Schrott, Jimenez, Hwang, Fiorellini, & Weber, 2009). Recent 
investigations show direct association between lack of KM and peri-implantitis in 
erratic maintenance complier patients (Monje & Blasi, 2019). 
• Peri-implant soft tissue thickness: The establishment of an adequate dimension of 
peri-implant soft tissues comprising the sum of supracrestal epithelial tissue, 
connective tissue and sulcus depth (between 2.5 mm and 3 mm) is important to 
maintain the tissue stability. When  this dimension is invaded or reduced, like in 
situation of thin soft tissues (<2 mm), this physiological tissue dimensions will be 
reestablished by a certain amount of bone resorption (Berglundh & Lindhe, 1996). 
This fact has been observed when implants are placed in patients where soft tissue 
thickness is less than 2 mm (Linkevicius, Puisys, Steigmann, Vindasiute, & 
Linkeviciene, 2015). Recent systematic reviews have highlighted the importance of 
adequate soft tissue dimensions in preventing peri-implant bone loss and the 
incidence of peri-implantitis (Suarez-Lopez Del Amo, Lin, Monje, Galindo-Moreno, 
& Wang, 2016; Thoma et al., 2018). 
• Prosthetic rehabilitation: the type of implant prosthetic design may play a role in 
favouring the development of peri-implant diseases. During many years, there has 
been debate regarding the influence of type of prosthetic retention (cemented or 
screw-retained) on peri-implantitis. In a 10-year randomized clinical trial that 
evaluated patients with cement-retained and screw retained prosthetic rehabilitations, 
observed that clinical behavior was similar between both types of restorations 
(Vigolo, Mutinelli, Givani, & Stellini, 2012). These results were corroborated in later 
systematic reviews (de Brandao, Vettore, & Vidigal Junior, 2013). Rather than 
prosthetic retention type, the factor that influences most peri-implantitis development 
is the subgingival presence of residual cement. When excess of cement is found in the 
tissues, the relationship with peri-implantitis raises up to 81% (Kotsakis et al., 2016; 
Introduction 
 41 
Wilson, 2009). Residual cement, as well as plaque accumulation is directly related to 
prosthetic design. A prosthetic implant supported rehabilitation that doesn’t allow 
adequate self-performance of oral hygiene measurements may  be an important factor 
in disease development. Serino and Ström studied the influence of the access to oral 
hygiene by implant prosthesis on peri-implantitis. It was observed that in 48% of 
patients with a non-hygienic rehabilitations, peri-implantitis was present, as compared 
to patients with hygienic prosthetic rehabilitations where peri-implantitis was 
diagnosed only in the 4% of cases (Serino & Strom, 2009). This finding was also 
observed in a more recent investigation where peri-implantitis was detected in 77.2% 
of the patients without access to oral hygiene (Monje et al., 2019). In addition, 
inadequate over-contoured prosthetic design obstructs excess of cement removal 
(Vindasiute et al., 2015). In general terms, whether an implant supported prosthesis 
is retained by cement or screw-retained is irrelevant if crown design allows access for 
oral hygiene and the excess of cement is eliminated.  
• Genetic factors: IL-1 gene polymorphism that results in overproduction of pro-
inflammatory cytokines has been the most studied genetic trait associated with 
periodontal and peri-implant diseases. Several studies with mainly cross-sectional 
design described and association between composite polymorphism (IL-1α + IL-1ß) 
and peri-implantitis (Hamdy & Ebrahem, 2011; Lachmann et al., 2007). Future 
prospective studies are needed to establish these genetic polymorphisms as risk 
factors for peri-implant diseases. 
• Implant malposition: An adequate three-dimensional implant position is 
fundamental to achieve long-term predictable results with implants. Buccally tilted 
implants are a common iatrogenic situation that leads to buccal bone plate resorption, 
facilitating implant surface bacterial colonization. In a retrospective study, Canullo et 
al. described a strong association between implant malposition and peri-implantitis 
(OR=48) (Canullo et al., 2016). In addition, implant malposition is directly related to 
a subsequent inadequate prosthetic design, hindering oral hygiene access and patient 
self-performed plaque control. However, prospective controlled studies are needed to 






Treatment approaches of peri-implant diseases 
 
Treatment strategies of peri-implant diseases have been extrapolated from the 
therapeutic approaches used to treat periodontitis. The main objective of peri-implant 
disease treatment is to resolve the inflammation. This can be achieved by eliminating 
biofilm from implant surfaces and to allow a peri-implant tissue morphology and a 
prosthetic restoration conductive to plaque control.  
 
Therapy of peri-implant mucositis  
Peri-implant mucositis must be addressed by a combination of professional 
interventions and patient self-performed oral care.  
 The objective of professional intervention is to eliminate biofilm from the neck of the 
implant and implant abutment without harming implant components by combining 
mechanical debridement and antimicrobial chemical treatment.  Mechanical debridement 
can be delivered by means of curettes (preferably titanium-coated, carbon fiber or teflon 
materials to avoid damaging implant surface) and ultrasonic devices with polyether-
etherketone coated tips. In combination with mechanical debridement, adjunctive 
antimicrobials such as antiseptics (chlorhexidine based mouthwashes) and locally 
delivered antibiotics can be used to increase antibacterial effect (Figuero, Graziani, Sanz, 
Herrera, & Sanz, 2014). Additionally, patients must perform proper oral hygiene 
techniques and may supplement brushing techniques with essential oils or chlorhexidine-
based mouthwashes. To allow patient self-performed oral hygiene, modification of the 
implant-supported prosthesis may be performed to improve treatment results (de Tapia et 
al., 2019). The application of this treatment protocol together with patient home oral care 
demonstrated resolution of the majority of peri-implant mucositis cases (L. J. Heitz-
Mayfield et al., 2011), exposing reversible nature on this process.  
 
Therapy of peri-implantitis 
Peri-implantitis can be approached with non-surgical treatment and surgical treatment.  
 
Peri-implantitis non-surgical treatment.  
The objective of the non surgical approach for peri-implantitis is the same as with 
mucositis treatment: resolve the inflammation. This can be achieved by biofilm removal 
without altering implant surface. Procedures described to obtain this objective are similar 
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to the ones used to resolve peri-implant mucositis. Mechanical debridement can be 
performed by means of non-steel curettes, ultrasonic devices, air abrasive devices and 
lasers or the combination of them. Additionally, adjunctive use of antimicrobial agents 
(antiseptics and/or local/systemic antibiotics) can be delivered to reduce the bacterial 
load. Systematic reviews of clinical trials have shown that this non-surgical therapeutic 
approach is effective to resolve peri-implant mucositis, however, when applied to 
established peri-implantitis lesions, there is clinical improvent, but these interventions 
seem to be insufficient to achieve complete disease resolution (Faggion, Listl, Fruhauf, 
Chang, & Tu, 2014; Muthukuru, Zainvi, Esplugues, & Flemmig, 2012; Suarez-Lopez Del 
Amo, Yu, & Wang, 2016). Recently, there is preliminary evidence that the combination 
of  strict mechanical debridement with curettes, ultrasonic devices and/or air abrasive 
devices with adjunctive systemic administration of metronidazole improve  the clinical 
and radiographical outcome in the treatment of advanced peri-implantitis lesions 
(Linares, Pico, Blanco, & Blanco, 2019; Nart et al., 2020). However, prospective long-
term clinical trials need to be performed to establish this treatment protocols as 
predictable therapeutic alternatives. Nowadays, non-surgical therapy is considered to be 
effective in treating peri-implant mucositis. When facing advanced peri-implantitis 
lesions, non-surgical therapy will improve clinical situation prior to surgical procedures, 
but will not predictably arrest progressive bone loss without further therapy. 
 
Figure 4. Clinical aspect of peri-implant tissues before (A) and after (B) peri-implantitis 
non-surgical therapy. Tissue inflammation is still present despite the absence of 
supramucosal plaque.  
 
Peri-implantitis surgical treatment.  
The objectives of surgical treatment of peri-implantitis are first, to conduct 
adequate implant surface debridement conductive to disease resolution and second, to 





In order to achieve these objectives, several surgical approaches can be performed, but 
the choice of intervention should be based on the initial peri-implant defect morphology. 
Schwarz et al. demonstrated that peri-implant bone defects with an infrabony 
circumferential-morphology responded favorably to regenerative approaches, while 
when the suprabony component predominated, regenerative approaches were not 
predictable (Schwarz, Sahm, Schwarz, & Becker, 2010). Irrespective of the objective, all 
surgical interventions share a common pathway: a) implant surface decontamination and 
b) treatment of the periimplant bone defect.  
For the implant surface decontamination several mechanical methods, such as curettes, 
ultrasonic devices and air powder devices have been tested and are currently the state of 
the art. Physical methods as direct application of lasers or chemical as the topical 
application of citric acid, hydrogen peroxide, chlorhexidine and saline have also been 
tested, without a single method being superior in terms of clinical and microbiological 
outcome variables (Schwarz, Schmucker, & Becker, 2015).  
Once the implant surface is decontaminated, depending on the characteristics of defect 
morphology, access flap, resective or regenerative approaches will be performed:  
 
 
Access flap approach. 
 
• Access flap surgery: This procedure is performed when a predominantly shallow 
suprabony component is present. The objective of this procedure is to clean the 
implant surface and eliminate granulation tissue but maintaining as much soft and 
bone tissue as possible to avoid aesthetic sequelae. Long term evaluation (5 years) 
have shown successful clinical outcomes in more than 60% of the cases (L. J. A. 




• Apically positioned flaps: In presence of predominantly deep suprabony defects, 
gingival peri-implant morphology must be adapted to allow proper peri-implant 
hygiene by the patient. This is achieved by eliminating the peri-implant pockets 
and regularizing the bone morphology to attain a positive osseous architecture. 
When implants have a modified rough implant surfaces there is a higher 
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frequency of recurrence after this surgical treatment (OR = 5.1) when compared 
with smooth non-modified implant surfaces (Carcuac, Derks, Abrahamsson, 
Wennstrom, & Berglundh, 2020). In order to avoid this recurrence, another 
intervention that eliminates the implant threads and the surface roughness 
“implantoplasty”  is often performed in combination with apically positioned 
flaps (Costa-Berenguer et al., 2018). Clinical trials have reported better long term 
clinical and radiographical results in terms of implant survival and marginal bone 
loss when implantoplasty was performed (Romeo et al., 2005; Romeo, Lops, 
Chiapasco, Ghisolfi, & Vogel, 2007).  
 
Figure 5. Resective approaches for peri-implantitis treatment. Access flap surgery 
(A) and apically positioned flap with implantoplasty (B) 
 
Regenerative approaches. 
When peri-implant defect morphology is predominantly infrabony, 
circumferentially-shaped, regenerative interventions are usually indicated with the 
objective to attain re-osseointegration and minimize soft tissue marginal recession.  
When the peri-implant bone defect has a three bone wall morphology,  a regenerative 
procedure is carried out by grafting the defect with a biomaterial or an autogenous bone 
graft, once granulation tissue has been removed and the implant surface has been 
decontaminated. In these clinical situations, probing pocket depth reductions and 
radiographic bone fill are common findings (Khoshkam et al., 2016; Khoury & 





term (5 years postoperative) evaluations are scarce, reporting around 60% of cases with 
successful outcomes (La Monaca, Pranno, Annibali, Cristalli, & Polimeni, 2018).  
When defect morphology presents a combination of intrabony and  suprabony lesions 
(i.e. loss of the buccal bone wall), a combined surgical therapy is proposed, with  a 
regenerative approach to treat the infrabony component and an implantoplasty procedure 
at the area where the suprabony bone loss has occurred (Schwarz, John, Mainusch, Sahm, 
& Becker, 2012). This combined treatment has demonstrated high percentage of clinical 
success at short term, but long term data is lacking (Schwarz, John, Schmucker, Sahm, & 
Becker, 2017). 
 
Figure 6. Regenerative approaches for peri-implantitis therapy. Pre-operative, intra-
surgical and six months re-entry images of regenerative therapy (A) and combined 
therapy (B)  
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Bone morphogenetic proteins (BMPs) in osseous regeneration 
 
The bone morphogenetic proteins are homodimer growth factors belonging to the 
TGF-ß multifunctional cytokine family. These proteins are present in the organic bone 
matrix and are able to induce ectopic bone formation and mineralization by means of 
differentiation of immature stem cells into the osteoblastic cell lineage (Urist, 1965). 
BMPs are synthetized as precursors that must reach its mature form by proteolysis of the 
pro-peptide region. Final active BMP structure consists in a homodimer that presents 
three disulfuric bridges in each monomer and a fourth disulfuric bridge that binds both 
peptide chains. Up to 20 isoforms have been described of this proteins, being BMP 2, 6 
and 9 the isoforms that promote higher immature cell differentiation onto osteoblasts 
(Rawadi, Vayssiere, Dunn, Baron, & Roman-Roman, 2003).  
BMP-2 can be obtained by bone demineralization and purification processes 
(Johnson, Urist, & Finerman, 1992), although this method is considered to be less 
effective (only 1 µg can be obtained from 1 kg of bone) and more expensive than 
recombinant expression. Nowadays, recombinant BMP-2 (rhBMP-2) can be obtained by 
different expression methods, such as rhBMP-2 expression in Chinese hamster ovary 
(CHO) mammal cells (Israel, Nove, Kerns, Moutsatsos, & Kaufman, 1992),  expression 
in sf9 insect cells (Maruoka et al., 1995), expression in Escherichia Coli cells (Ruppert, 
Hoffmann, & Sebald, 1996) or expression in tobacco plants (Gao et al., 2006). 
Recombinant methods allow to generate higher quantity of proteins with less costs, 
although still being expensive. Subsequent recombinant protein expression method using 
Escherichia Coli cells was modified with a patented protein folding protocol, which 
allowed to generate active rhBMP-2 protein at a much lower cost (Abarrategi et al., 2012; 
Abarrategi, Moreno-Vicente, et al., 2008; Lopez-Lacomba et al., 2006). 
An appropriate dosage and release is of utmost importance for the adequate 
biological activity BMPs. With BMP-2, alkaline phosphatase (AF) activity increases with 
increased dose, achieving maximum cellular activity with 100nm of rhBMP-2 
concentration (Maruoka et al., 1995; Rosen et al., 1989). For assuring an adequate release, 
different biodegradable carriers and biomaterials, such as  hydroxiapatite based carriers 
(Barboza et al., 2000), calcium phosphate carriers (Gruber et al., 2009) or bioglass based 
carriers (Barboza et al., 2004) have been tested. Chitosan film demonstrated convenient 
protein transport and degradation properties for growth factor release (Abarrategi, 





addition, it can be incorporated into solid scaffolds such as beta tricalcium phosphate 
carriers (Abarrategi et al., 2012; Abarrategi, Moreno-Vicente, et al., 2008) or even can be 
used as coating for implant surfaces (Lopez-Lacomba et al., 2006). One of the best 
carriers in terms of releasing and degradation properties is the absorbable collagen sponge 
(ACS) (Lee et al., 2007). However, ACS carriers have the main disadvantage that 
mechanical stability is reduced, being unable to withstand forces and maintain blood clot 
space until bone is formed (Boyne et al., 1997). To overcome this limitation, ACS + 
BMP-2 can be combined with other carriers such as demineralized freeze dried bone 
allograft (DFDBA), or with politetrafluoretilen (PTFE) membranes.  
Recently, a carrier that combines deproteinized bovine bone mineral (DBBM) 
with collagen has been used to deliver rhBMP-2 in and experimental dog model for sinus 
augmentation with good results (Cha et al., 2014). This carrier combines the good 
releasing properties of collagen with mechanical stability of DBBM.  
 
Figure 7. Radiographic, histologic and micro-CT images showing supra-crestal osseous 
formation on implants coated with chitosan film plus rhBMP-2 (adapted from 





Applications in osseous regeneration 
Increase in bone formation has been reported in several bone regeneration fields 
when BMP is used. Alveolar ridge augmentation is significantly increased when BMP is 
incorporated to a scaffold, compared to the scaffold alone. (Jung, Thoma, & Hammerle, 
2008; Sahrmann, Attin, & Schmidlin, 2011). Also, increased bone mineralization as well 
as bone volume is observed when BMP is added to a delivery system in maxillary sinus 
augmentation procedures (Cha et al., 2014; Kelly, Vaughn, & Anderson, 2016).  
 
 
Figure 8. Bone regeneration enhancement when incorporating rhBMP-2 to a 
collagen/xenograft carrier in sinus lifting procedure (adapted from Cha et al. 2014) 
 
Peri-implant supraosseous bone regeneration was attempted by Sigurdsson et al. 
using a combination of ACS and rh-BMP2 versus buffer and ACS. After 16 weeks of 
healing, rh-BMP2 groups showed increased peri-implant bone formation, and bone to 
implant contact over the previously exposed implant surface, while control didn’t show 
additional bone formation neither osseointegration of the supraosseous implant surface 
(Sigurdsson, Fu, Tatakis, Rohrer, & Wikesjo, 1997). However, in this study, high 
variability of rh-BMP2 results were observed, due to the poor mechanical properties of 








Applications in peri-implantitis bone defect regeneration 
Peri-implant defects are very technically demanding osseous defects to 
regenerate, as they generally have complex morphology, combining supraosseous and 
intraosseous bone loss. In addition, surface to regenerate has been contaminated by 
bacteria and abundant quantity of inflammatory tissue is usually present. For these 
reasons, re-osseointegration of previously contaminated surface is a very difficult goal to 
achieve, and complete defect resolution is an infrequent result of these type of treatments 
(Renvert, Polyzois, & Maguire, 2009).   
Experimental studies have tested the efficacy of BMPs to improve regenerative 
outcomes in the treatment of peri-implant bone defects created after ligature-induced 
experimental peri-implantitis. In a study performed in non-human primates, Hanisch et 
al. showed additional re-osseointegration on previously contaminated implant surfaces 
when BMP was added to a collagen vehicle carrier, while slight additional bone formation 
was observed in the carrier group alone (Hanisch, Tatakis, Boskovic, Rohrer, & Wikesjo, 
1997). Another study performed in dogs, showed increase in bone formation and re-
osseointegration when rh-BMP2 was added to the scaffold, however complete re-
osseointegration up to bone levels previous to disease development was not observed. 
(Schwarz, Sahm, Mihatovic, Golubovic, & Becker, 2011). This fact may be due to the 
high rate of complications (equine bone grafts exposure) observed in both groups. 
Another investigation performed on Beagle dogs reported twice as much histological 
bone regeneration on BMP-2 plus periodontal ligament derived stem cells group 
compared to unloaded control using hydroxyapatite graft as carrier (S. Y. Park et al., 
2015). Other research group used the combination of adipose derived stem cells with 
BMP-2 on a β-TCP vehicle carrier. Again, around twice the amount of bone regeneration 
was observed in BMP-2 group compared to control (Xu et al., 2016). Despite the fact of 
the good results in BMP groups, none of the previously reported studies achieved to 








Implant to abutment connection influence on peri-implant bone 
levels and peri-implantitis. 
 
The possible impact of the implant-abutment interface on the maintenance of periimplant 
bone levels has been extensively studied, both in experimental and clinical studies. 
Depending on differences in the abutment composition, quality and design of the 
interface, differences in the maintenance of the marginal soft and bone levels have been 
reported during healing (Sanz-Sanchez, Sanz-Martin, Carrillo de Albornoz, Figuero, & 
Sanz, 2018; Schwarz et al., 2019). One specific implant-abutment configuration that has 
attracted research and clinical attention has been the platform switching connection 
(PSC), in which there is a mismatch between the abutment and implant diameter, being 
the abutment of reduced diameter in comparison with the implant shoulder. As a result of 
a displacement of the interface towards central axis of the implant, increased distance 
between connection gap and bone moves away inflammatory infiltrate that usually 
establishes around the interface (Lazzara & Porter, 2006). In addition, more space for soft 
tissue establishment is provided with this connection concept, allowing for a more stable 
biological width peri-implant seal (Farronato et al., 2012). Biomechanically, PSC moves 
away occlusal load from the bone to implant contact, reducing mechanical stress on 
crestal bone and translating it into deep trabecular bone (Chang, Lang, & Giannobile, 
2010). In spite of clear improvements in the maintenance of marginal bone levels in 
experimental studies reporting histological outcomes (Cochran et al., 2009), its clinical 
impact is controversial (Strietzel, Neumann, & Hertel, 2015). 
The implant-abutment connection may be an important factor in the development of  peri-
implantitis, as supracrestal mucosal seal that establishes around implant shoulder is the 
critical barrier between bacterial challenge and bone-implant union. Surprisingly, the 






Figure 9. Platform switching implant to abutment connection concept. 
 
 
Implant surface influence on osseointegration and peri-implantitis 
Implant surface and osseointegration 
 Since the first description of the osseointegration phenomenon (Albrektsson, 
Branemark, Hansson, & Lindstrom, 1981; Branemark et al., 1969; Branemark et al., 
1977), the healing of dental implants placed in the alveolar bone has been extensively 
studied providing clear histological documentation on the biological cascade of events 
that guide bone and soft tissue healing around dental implants (Berglundh, Abrahamsson, 
Albouy, & Lindhe, 2007; Berglundh, Abrahamsson, Lang, & Lindhe, 2003). Surface 
treatment modifications have been a field of great research interest seeking to improve 
the dynamics of osseointegration and the quality and quantity of bone to implant contact 
(Junker, Dimakis, Thoneick, & Jansen, 2009). Within the implant parameters that have 
demonstrated to influence bone response, implant surface roughness has shown to play a 
major role. Surface roughness can be described in Ra units (bidimensional measurement) 
or ideally in Sa units (tridimensional parameter). Both parameters provide information on 
the roughness profile of the implant surface and have served to categorize implants in: 
(Albrektsson & Wennerberg, 2004a, 2004b; Doornewaard et al., 2017); 
 
1. Smooth: Sa lower than 0.5 µm 
2. Minimally rough: Sa between 0.5 and 1 µm 
3. Moderately rough: Sa between 1 and 2 µm 




 Increase in surface roughness has demonstrated an increase in bone apposition 
(Abrahamsson, Berglundh, Linder, Lang, & Lindhe, 2004; Wennerberg, Albrektsson, 
Andersson, & Krol, 1995), reducing non-loading times between implant placement and 
the placement of the prosthetic restoration (Lazzara, Porter, Testori, Galante, & 
Zetterqvist, 1998). In fact, significantly higher success and survival rates were reported 
when moderately rough surfaces were compared to machined surfaces (Cochran, 1999). 
Increase in roughness can be achieved by substrative (removal of titanium material) or 
by additive methods (incorporating particles to the implant surface). One of the most 
widely used substrative method is the combination of sandblasting and acid etching. 
Sandblasting provides increase in µm roughness by bombardment of titanium surface 
with particles and addition of materials with a flow of plasma, while acid etching provides 
increase in nano-roughness by subtraction on the previously created surface elevations 
(Coelho & Lemons, 2009). Subsequently, additional implant surface modifications have 
included surface coatings, such as hydroxyapatite coatings, achieving very rough implant 
surfaces. However these coatings may detach and give way to unwanted tissue reactions 
(Abrahamsson, Linder, Larsson, & Berglundh, 2013; Albrektsson, Sennerby, & 
Wennerberg, 2008; van Oirschot et al., 2013; Wheeler, 1996). Currently research efforts 
have evolved to try to modify the chemical structure of moderately rough titanium 
surfaces by incorporating ions. Improvement on bone response by the incorporation of 
fluoride ions have been described (Ellingsen, Johansson, Wennerberg, & Holmen, 2004; 
Monjo, Lamolle, Lyngstadaas, Ronold, & Ellingsen, 2008). Other ion incorporations such 
as Mg+, Ca+2 or Sr+ have also demonstrated increased osseointegration (Frojd, 
Wennerberg, & Franke Stenport, 2012; Galli et al., 2014; Kim, Kim, Jang, & Park, 2016). 
Other chemical modification of implant surface can be achieved by augmenting the 
surface wettability when the implant is submerged in an isotonic NaCl solution. 
Hydrophilic surfaces have shown an increased speed of bone aposition (Albrektsson & 
Wennerberg, 2019; Buser et al., 2004). Another chemical surface treatment modification 
has been the application of a covalently bonded layer of mono-phosphonate molecules on 
the titanium. The aim of this surface treatment is to attract and stimulate bone forming 
cells, conferring this surface of osteoinductive properties. This effect has been 
demonstrated in vitro (Viornery et al., 2002), but has not been tested in preclinical oral 








Figure 10. Monophosphonates layer chemical implant surface treatment. 
  
Implant surface and peri-implantitis 
Experimental in vivo studies have shown that implant surface influences the 
development of the inflammatory processes around implants (Berglundh, Gotfredsen, 
Zitzmann, Lang, & Lindhe, 2007), although there is no proven clinical evidence of this 
effect in humans (Saulacic & Schaller, 2019). In spite of the improvements in 
osseointegration and implant survival associated with moderately rough surface implants 
(Doornewaard et al., 2017), there is also evidence that when these surfaces become 
exposed there is a higher risk of biological complications. In a series of experimental peri-
implantitis preclinical studies, it was clearly shown that rough implant surfaces developed 
higher peri-implant bone loss when compared with turned surfaces (Albouy, 
Abrahamsson, & Berglundh, 2012; Albouy, Abrahamsson, Persson, & Berglundh, 2008; 
Berglundh, Gotfredsen, et al., 2007; Carcuac, Abrahamsson, Derks, Petzold, & 
Berglundh, 2020). This may be explained by the higher bacterial accumulation of rough 
surfaces when they become exposed to the oral environment. In vitro studies assessing 
biofilm growth, have clearly showed that rough titanium disks (acid etched or 
sandblasted) elicited faster and more mature biofilm formation than machined titanium 
disks (John, Becker, & Schwarz, 2015). In clinical studies, however, controversial results 
on the prevalence of periimplantitis have been reported when studying differences 
depending on the implant design and surface (Derks et al., 2016). Some studies showed 
lower bone loss on rough implant surfaces compared to smooth ones (Arnhart et al., 2013; 
Rocci et al., 2013), while others showed the opposite results (Jungner, Lundqvist, & 
Lundgren, 2014; Vandeweghe, Ferreira, Vermeersch, Marien, & De Bruyn, 2016).  
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Coatings have been also studied in experimental peri-implantitis scenarios. 
Hydroxyapatite (OH-AP) coatings showed similar susceptibility to conventional 
moderately rough surfaces (Madi, Zakaria, Noritake, Fuji, & Kasugai, 2013; M. C. 
Martins, Abi-Rached, Shibli, Araujo, & Marcantonio, 2004; Tillmanns, Hermann, Tiffee, 
Burgess, & Meffert, 1998). On the other hand, a surface modification that seems to be 
more resistant to bacterial challenge is silver coatings. Godoy-Gallardo et al., reported in 
an in vivo experimental peri-implantitis model how silver coated implants and silanized 
coated implants had less bone loss than conventional titanium implants, even though both 
coated implants had higher Ra values than titanium implants (Godoy-Gallardo et al., 
2016).  
Silver coatings had shown their antibacterial effect not only on implant surface but also 
on abutments surface. López-Píriz et al. studied the performance of glass/n-Ag coated 
titanium abutments on an experimental peri-implantitis in vivo model. They observed 
that, despite the fact that test abutment roughness increased twice the roughness of the 
control, the percentages of bone loss observed in implants covered with the biocide 
coating abutment were about 3 times lower than control abutments (Lopez-Piriz et al., 
2012). This finding underlines the previously exposed fact that other factors than implant 
surface, such as the abutment configuration may play an important role on peri-implant 
disease development.  
It remains unclear if recent new implant surface modifications consisting of a monolayer 
of permanently bound multiphosphonic acid molecule could potentially be used to 









Figure 11. Influence of the implant surface on peri-implantitis (Adapted from Albouy et 
al. 2008). Implant A (turned implant surface), Implant B (TiOblast implant surface), 
Implant C (SLA implant surface), implant D (TiUnite implant surface). 
 
 
Experimental models for the study of osseointegration and peri-
implant diseases 
Efficacy, biology phenomena and safety must be tested on a controlled pre-
clinical environment, prior to clinical assessment of new treatment approaches, 
biomaterials or implant surfaces,. Experimental models provide direct information of 
biological behavior of new materials or treatments overcoming the limitation of clinical 
or radiographical outcome variables by means of histological analysis. 
 
Canine model for evaluation of osseointegration  
In order to determine whether a newly developed implant material conforms to 
the requirements of biocompatibility, mechanical stability and safety, it must undergo 
rigorous testing on both in vitro and in vivo. For that purpose, the canine model arises as 
a fundamental tool to study all phenomena occurring between native osseous component 
and the tested implantable material in a controlled environment. The dog model has been 
widely used due to its similarity when compared to humans in terms of bone composition 
(Aerssens, Boonen, Lowet, & Dequeker, 1998) and bone density (Pearce, Richards, Milz, 
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Schneider, & Pearce, 2007). Bone remodeling rate is higher in a dog model compared to 
humans (about 2 to 4 times faster) (Draper, 1994; Huja & Beck, 2008), so this must be 
taken into consideration when translating data for human use. Dogs have anatomically 3 
incisors, 1 canine, 4 premolars and 3 molars on each hemimandible. Occlusal movements 
are simpler than humans. Dogs only perform vertical occlusal movements, and no 
horizontal excursive movements. 
When pretending to study osseointegration in the dog model, extractions of the 
premolar group (PM2-PM3) and the first molar (M1) must be performed and allow to 
heal during at least two months. First premolar (PM1) is usually not extracted, in order to 
have a reference of the underneath root of the mandibular canine (and avoid subsequent 
damage of that root when implant placement stage takes place).  
After two to three months, healed crests are ready for flap raising and conventional 
implant placement. Depending on breed, and dog weight, implant diameter may range 
between 3.3 mm (smaller breeds, such as Beagle dogs) and 4.25 mm (bigger breads such 
as Golden or Labrador dogs) while the length should not exceed 10 mm to avoid injuring 
mandibular nerve. All surgeries must be performed under general anesthesia and with 
analgesic and antibiotic intravenous infusion. Once the study period has concluded, 
euthanasia is usually achieved by means of an overdose of sodium pentobarbital and 
specimens are harvested for histological processing.  
 
Figure 12. Stages of Beagle dog model for the study of osseointegration; A-Tooth 






Canine model for evaluation of peri-implantitis: The ligature-induced peri-
implantitis model  
It is demonstrated that canines present natural susceptibility to periodontal disease 
whenever plaque accumulation takes place (Weinberg & Bral, 1999). However, as it 
occurs in humans, natural occurrence of the disease requires years, which implies that to 
make the model feasible, acceleration of disease development is necessary. Increment in 
plaque accumulation and therefore, periodontal disease acceleration, can be achieved by 
means of soft animal diet and submarginal placement of plaque retentive ligatures 
(Ericsson, Lindhe, Rylander, & Okamoto, 1975; Lindhe & Rylander, 1975). Peri-implant 
diseases and periodontal diseases share similar etiological trigger: bacterial challenge. 
For that reason, increase in plaque accumulation by means of soft-food diet and 
submarginal placement of ligatures provoked periodontal as well as peri-implant disease 
acceleration (Berglundh et al., 1992; Lindhe, Berglundh, Ericsson, Liljenberg, & 
Marinello, 1992). To experimentally induce peri-implant disease in dogs, several stages 
must be completed: 
1- Tooth extraction: Extractions of the premolar group (PM1-PM4) and first molar 
(M1) must be performed to allow space for future implant placement. Dog 
premolars and molars are bi-radicular teeth, and this is the reason why previous 
teeth hemisection will facilitate the procedure. As in the experimental 
osseointegration model, first premolar (PM1) is usually not extracted, in order to 
have a reference of the underneath root of the mandibular canine (and avoid 
subsequent damage of that root when implant placement stage takes place).  
2-  Healing period I: Normal healing period after teeth extraction is approximately 3 
months.  
3- Implant placement: Flap raising, and osteotomies are performed following 
manufacturer’s instructions. When premolar group (PM1-PM4) and first molar 
(M1) were extracted, sufficient mesiodistal space for 3 to 5 implants is available. 
Buco-lingual crestal width ranges between 5 and 6 mm on premolar area and 
between 6 and 8 mm on molar area. Narrow diameter implants (i.e. 3.3 mm) are 
ideal to generate circumferential defects, while standard diameter implants (i.e. 
4.1 mm) usually tend to generate combined defects where buccal plate is often 
lost. After implant placement, transmucosal healing abutments must be secured 
and flaps sutured to allow primary intention healing. 
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4- Healing period II: Normal osteointegration healing period is again, approximately 
3 months. Plaque control regimen is established with 0.12% chlorhexidine 
brushing periodically 
5- Ligature induction period: This period comprises two methodological stages: 
a. Active breakdown period: Plaque control regimen is suspended and 
submarginal silk ligatures are secured around healing abutments. These 
ligatures will increase plaque retention and therefore bacterial challenge. 
Original protocol exchanged ligatures set every three weeks during a two 
months period (Lindhe et al., 1992). However as several factors such as 
implant design may influence disease development (Albouy et al., 2008), 
duration of active breakdown period should be extended until 30-40% of 
radiographic bone loss is detected (normally around 3 to 4 months). 
Ligature material can be cotton, steel, silk or even dental floss. Normally 
one ligature set is placed submarginally, however, double ligature protocol 
is described to provoke marginal bone loss faster (Reinedahl, Chrcanovic, 
Albrektsson, Tengvall, & Wennerberg, 2018).    
b. Progression period: At the end of the active breakdown period, ligatures 
are removed in order to let the lesions become chronic during a variable 
period, ranging between 1 month (Lindhe et al., 1992) and 12 months 
(Zitzmann, Berglundh, Ericsson, & Lindhe, 2004). During this period, 
spontaneous disease progression is frequently observed (Albouy et al., 
2008).  
Clinical and radiographical variables are recorded every ligature change visit and 
after progression period. The end of progression period must be defined as the 
baseline visit for studies aimed to investigate therapeutic approaches. In this 
studies, end of progression period is followed by the therapeutic approach and a 
third healing period. 
6- Animal sacrifice: At the end of the experimental period of the study animals are 
routinely sacrificed by induction of deep anesthesia followed by an overdose of 
barbiturate. Subsequently, mandible dissection and sample fixation must be 
performed. 
  
Until today, ligature-induced peri-implantitis model stands as the gold standard 





Martins, Ramos, Baptista, & Dard, 2014; Renvert et al., 2009). Peri-implant defects 
developed after the experimental induction resemble those occurred naturally in humans 
peri-implantitis lesions  (Schwarz et al., 2007). 
 
Figure 13. Clinical stages of experimental peri-implantitis on Beagle dog model. A – 
Tooth extraction, B – Implant placement, C – Ligature placement and replacement, D – 
Progression of the lesions after ligature removal 
 
Histological preparation 
Once the specimens are retrieved, fixation of the tissues must be performed. To 
do so, immersion in fixative solution (4% formaldehyde solution) must be done in a 
recipient 10 times bigger than the samples.  Prior to histological preparation, micro CT 
scan image acquisition may be performed. 
To prepare samples for microscope examination, undecalcified ground section 
technique described by Donath and Breuner (Donath & Breuner, 1982) is performed to 
create sections that will allow to study the interaction between bone soft tissue and the 
implant surface. This technique consists, first, in dehydration of the already fixed tissue 
blocks. To do so, tissue immersion in increasing concentrations of ethanol solution are 
performed (starting in 70% solution, up to absolute ethanol). Afterwards, pre-infiltration 
and infiltration of the samples take place and then resin embedding is performed 
(Technovit, Kulzer, Germany). After sawing embedded implant tissue block, a bucco-
lingual section of approximately 150 to 200 µm is prepared. Subsequently, the grinding 
process is performed, reducing sample thickness section up to approximately 30-35 µm. 
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When the sample section if finalized, staining is performed. Generally, in implantology a 
modified toluidine blue stain is performed (Jeno & Geza, 1975). This stain binds specially 
to collagen, allowing to clearly visualize abundant collagen presence tissues (such as peri-




Figure 14. Undecalcified Ground section sample preparation. Sample cutting (A), resin 
embedding of the sample (B), grinding process (C) and sample stain and study (D). 
Courtesy of Fernando Muñoz. 
 
First, descriptive histological qualitative analysis is performed, providing 
information about biological interactions between the tested material or implant and the 
host tissues. 
Histomorphometry provides quantitative objective data that help researchers 
understand the consistency and magnitude of the findings. A combination of linear and 
surface histomorphometrically measurements are performed to assess bone quality. 
Example of linear parameters are distance between implant shoulder and first bone to 
implant contact or bone-to-implant contact (BIC), usually expressed as a percentage of 
the total implant. Surface parameters are bone areas, where percentages of newly formed 
bone, mature bone and soft tissue are measured in a selected area of interest, normally the 
area between implant threads. When peri-implant bone loss has to be assessed, linear 
distance between implant shoulder and the bottom of the defect (fist bone to implant 
contact) is usually measured, as well as implant surface without bone contact until first 





Although histological measurements are still considered the gold standard method 
to study the animal samples, they are not free from methodological limitations; first of 
all, histological measurements are performed on one buccolingual bidimensional 35 µm 
sections belonging to a tridimensional structure. This imply that an important percentage 
of the tissue is discarded, losing great amounts of information in other space dimensions 
(such as mesio-distal aspect). In addition, as a result of the histological processing, sample 
is destroyed and cannot be recovered to study other outcome variables (such as 
immunohistochemical soft tissue analysis). 
 
Figure 15. Histological sections depicting osseointegration process and peri-implantitis. 




Micro CT evaluation seeks to overcome histology bidimensional limitations by providing 
a tridimensional non-invasive analysis.  
This technology consists of a three-step protocol; 
1- Radiographic image acquisition: fixed tissue block samples are introduced in a 
specific micro computerized tomography device where the sample stands in 
between an x-ray source and an x-ray detector. Radiographical specifications such 
as distance of the sensor to the sample, angle of rotation, kilovoltage, metal filters 
must be selected according to the sample’s characteristics (for example, if the 
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sample has metal in it, metal filters must be applied to reduce artifact). The closer 
the position of the sample in relation to the x-ray source, together with a smaller 
angle of rotation of the sample, the more precise micrometric voxel size resolution 
raw data we get. 
2- Volumetric computerized reconstruction: by means of a reconstruction software, 
all radiographic raw data are processed, oriented and organized to recreate virtual 
slices of the sample volume, allowing for further classification of different tissue 
densities based on greyscale differentiation. 
3- Computer analysis: An analysis software is used to configure an individual 
calculation “task list” based on mathematic algorithms that will be applied to all 
the samples. The “task list” will execute all planned image processing and 
measurements (i.e. tridimensional volume of bone tissue, or 360º evaluation of 
bone surface-to-metal surface contact) within the areas or surfaces of interest and 
restricted to the tissues of interest. After the execution of the “task list” 
calculations, requested data will be generated (i.e. bone volume surrounding an 
implant, surface of bone in contact with the implant) in a spreadsheet.  
 
Micro-CT provides precise complementary volumetric tridimensional measurements 
that cannot be obtained by means of another clinical or histological assessment. In that 
sense, evaluation of surrounding bone volume, tridimensional bone to implant contact 
(intersecting bone implant surface), tridimensional coronal peri-implant bone loss (360º 
implant surface free of bone) or even bone mineral density are common micro-CT 
outcome variables measured in studies assessing osseointegration or peri-implant bone 
loss (peri-implantitis). Micro-CT volumetric measurements have demonstrated high 
correlation with corresponding histomorphormetrical peri-implant measurements 
(Bissinger et al., 2017; Y. S. Park, Yi, Lee, & Jung, 2005).   
However, this technology must be complementary to histology, especially when 
considering soft tissue quantification, because micro-CT is not able to discriminate 
between densities of soft tissues. Despite its limitations regarding soft tissue analysis, 
micro-CT provides valuable tridimensional information under an objective and 
reproducible scope (Cuijpers et al., 2014). In addition, this technology does not alter the 









Figure 16. Micro-CT tridimensional reconstructions. Volumetric bone assessment, 360º 
bone to implant contact (bone intersecting surface) and 360º peri-implant bone loss 






Actual surgical therapeutic approaches for the treatment of peri-implantitis have 
demonstrated unpredictable long-term outcomes. In addition, regenerative treatment 
outcomes consisting on complete implant surface re-osseointegration, have shown to be 
very difficult to achieve. Since bone morphogenetic proteins have shown a high 
osteogenic activity and their use combined with bone regenerative interventions for the 
treatment of sinus lifting and lateral and vertical bone regeneration procedures has shown 
successful outcomes, its use for re-osseointegration of a previously contaminated implant 
surface should be studied.  
 
Modifications in the implant-abutment connection (platform switching) and 
implant surface have shown to influence the maintenance of peri-implant bone levels 
when implants are placed, but their protective capacity when exposed to bacterial plaque 
derived inflammation has not been demonstrated. Therefore, the potential peri-implantitis 











Since this work is composed of different studies each contains a specific 
hypothesis. They are all nested around periimplantitis, either by studying the implant 
surface or implant to abutment modifications conducive to periimplantitis prevention or 
by studying technologies to enhance the regenerative outcomes of regenerative 
interventions to treat the sequelae of periimplantitis.  
 
Therefore, the following specific working hypothesis have been tested: 
 
1. The addition of rhBMP-2 to a collagen plus bovine xenograft may increase 
bone re-osseointegration of a previously contaminated implant surface 
compared to unloaded collagen plus bovine xenograft.  
2. Platform switching implant to abutment connection may reduce peri-implant 
bone loss compared to matching implant to abutment connection after 
ligature-induced experimental peri-implantitis.  
3. The monophosphonate chemical implant surface treatment may increase bone 
to implant contact and linear bone levels as compared to control moderately 
rough implant surface. 
4. The monophosphonate chemical implant surface treatment may decrease peri-
implant bone loss after ligature-induced experimental peri-implantitis 












The main objective of the present work is to deepen the present knowledge of the 
disease periimplantitis, either through the study of factors influencing its development 
and progression or by investigating technologies aimed to reverse the destructive 
consequences of this disease. This overall objective will be accomplished through four 
independent studies: a) to investigate the effect of rhBMP-2 on re-osseointegration of a 
previously contaminated surface; b) to study the influence of the implant to abutment 
connection by means of platform switching on the initiation and progression of 
periimplantitis; c) to study the influence of the chemical implant surface treatment by 
means monophosphonates on osseointegration and d) to study the response of 
osseointegrated implants with this monophosphonate surface treatment in an 




1. Evaluate the histological degree of bone regeneration and re-osseointegration 
attained when combining a xenogeneic bone replacement graft plus rhBMP-2 and 
a collagen membrane in ligature induced peri-implantitis osseous defects in dogs. 
2. To evaluate the rate of bone loss progression during experimentally induced peri-
implantitis using two different implant-abutment connections in implants with 
identical surface topography in terms of longitudinal radiographical and clinical 
outcome variables.   
3. To evaluate the influence of modifying the implant surface by adding a monolayer 
of multi-phosphonate molecules on histological de-novo bone formation and 
osseointegration measured histologically and radiographically (micro-CT). 
4. To evaluate the influence of a monolayer of multi-phosphonate molecules on the 
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The main objective of the present work was to deepen the present knowledge of 
the disease periimplantitis, either through the study of factors influencing its development 
and progression or by investigating technologies aimed to reverse the destructive 
consequences of this disease. Four independent studies were carried out to fulfil these 
objectives: a) to investigate the effect of rhBMP-2 on re-osseointegration of a previously 
contaminated surface; b) to study the influence of the implant to abutment connection by 
means of platform switching, on the initiation and progression of periimplantitis; c) to 
study the influence of a chemical implant surface treatment by means monophosphonates 
on the rate of osseointegration and d) to study the response of osseointegrated implants 
with this monophosphonate surface treatment in an experimental periimplantitis model  
The results from these investigations did not demonstrate a significant additional effect 
of rhBMP-2 in the regenerative outcomes in the treatment of periimplatitis bone defects. 
Implants with a platform switching connection demonstrated a slower rate of periodontitis 
progression when compared to the same implants with a platform matching connection, 
when exposed to an experimental periimplantitis model. Implants with a chemical surface 
treatment with a monophosphonate layer implant showed an enhanced rate of 
osseointegration when compared with the same implants without the chemical treatment, 




Peri-implantitis bone defect regeneration with rhBMP-2 
Experimental defect creation 
The experimental periimplantitis model based on the submarginal placement of 
silk ligatures promotes enhanced plaque accumulation and the development of peri-
implantitis, evidenced by formation of circumferential peri-implant bone defects (Carral 
et al., 2016; Schwarz et al., 2007; Schwarz et al., 2010). In this investigation, the use of 
this model gave rise to peri-implantitis, but the magnitude of the resulting defects and 
their morphology differed. These peri-implant bone defects were not circumferential with 




approximately half of the implants of the study (47.06%), the resulting defects were 
predominantly supra-osseous with loss of the buccal wall. These differences may be 
attributed to the use of implants with different implant-abutment connection design, since 
in this investigation, bone-level implants with a platform-switching connection were 
used. This connection hampered the placement of the ligature in a submarginal position 
especially on the lingual side, what may result in an enhanced bone loss bone loss on the 
buccal aspect and the a more unfavorable defect morphology for bone regeneration, due 
to the reduced intrabony component (Schwarz et al., 2010).  
Figure 17. Intra-surgical peri-implant bone defects. Note the buccal supraosseous 
component (Buccal dehiscence). Shallow defects were commonly observed. 
Regeneration of a previously contaminated implant surface with rhBMP-2 
The present study revealed that the addition of rhBMP-2 to an osteoconductive 
graft does not provide significant benefit in terms of histological bone regeneration and 
re-osseointegration of peri-implant bone defects caused by experimental peri-implantitis. 
It seems that the bone regeneration enhancement of rhBMP-2 in these lesions was of a 
lesser magnitude of what has been reported in other oral indications, as in lateral bone 
augmentation or sinus lifting (Cha et al., 2014; Kelly et al., 2016).  
However, the results reported in this investigation are comparable with other 
studies evaluating the effect of rhBMP-2 in the regeneration of ligature-induced peri-
implant bone defects. Four investigations have addressed the impact of rhBMP-2 in 
ligature-induced peri-implant bone defects regenerative therapy. One study comparing 
the outcomes of using bone equine block grafting or equine bone grafting combined with 
rhBMP-2 in the treatment of the supraosseous component of peri-implant bone defects, 
reported that the amount of regenerated bone when using  rhBMP-2 grafts (1.3 mm) 
(Schwarz et al., 2011),  was similar  to what achieved in the present investigation. In 
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another investigation evaluating the added value of rhBMP-2 to a collagen scaffold in the 
treatment of peri-implant defects in Rhesus monkeys, significantly higher regenerative 
outcomes for the rhBMP-2 group was reported (2.6 mm for test group versus 0.8 mm for 
control group) (Hanisch et al., 1997). Another study in Beagle dogs, also reported 
significantly higher histological bone gains (2.11 versus 0.83 mm) when using a 
combination of periodontal ligament stem cells and BMP-2 (S. Y. Park et al., 2015). 
Another Beagle dog study assessed the added effect of a combination of β-TCP as a 
carrier with rhBMP-2 and adipose tissue derived stem cells on experimental peri-
implantitis defect regeneration, with similar results as the previously reported study ( 2.81 
mm vs 1.31 mm) (Xu et al., 2016). The results of our investigation revealed minimal 
regenerative added value when rhBMP-2 was incorporated to the collagen-
hydroxyapatite scaffold. These differences could be explained by several factors, such as 
the different scaffold used, the utilization of additional regenerative technologies such as 
stem cells in the other investigations, or due to the differences in the morphology and 
magnitude of the intra-osseous component in the peri-implant defects. In fact, in our 
investigation, the infrabony component of the resulting defects were  approximately 2 
mm, what is not comparable to the 3.4 mm in the Rhesus monkeys experimental study 
(Hanisch et al., 1997) or the range between 4.6 mm and 5.8 mm in the Beagle dog model 
(Schwarz et al., 2011)). There were also differences among the studies in the ligature-
induction periods (Hanisch et al.: 10 months, Schwarz et al.: 4 months, Park et al.: 4 
months, Xu et al.: 4 months). All these factors, together with the referred impact of the 
platform-switching implant connection resulted in an unfavorable peri-implant defect 
configuration for regeneration, which may have limited the possible additional biological 
effect of the use of rhBMP-2. 
 
Figure 18. Histological sections depicting buccal bone wall dehiscence without intrabony 





Results of this investigation could also have been influenced by the 
scaffold/carrier used. Graft material was only identified within the limits of the bone 
defect in approximately half of the samples analyzed. In fact, the scaffold was only 
identified in 27% of the test specimens compared with the control group specimens 
(70%). Non containing defect morphology could explain this fact. The increased 
xenograft resorption in the test group may have been enhanced by the rh-BMP2, however, 
this xenograft has been used in other investigations where appropriate rhBMP-2 releasing 
properties have been reported (Cha et al., 2014).  
In the light of our present results, it seems that complete re-osseointegration of 
previously contaminated implant surface is a difficult and unpredictable outcome, even 
when using bone morphogenetic proteins, which have shown a bone regenerative-
enhancing potential of. In light of this unpredictability, effective preventive strategies 
should be investigated to avoid the initiation and progression of peri-implantitis and its 
sequels.  
Implant to abutment connection and experimental peri-implantitis 
The results from the second investigation revealed that during the induction phase 
of experimental peri-implantitis (when ligatures were still in place), mean radiographic 
bone loss was significantly different when comparing matching and switching platform 
implant to abutment connections (2.65±0.66) vs. 0.84±0.16) mm, respectively). 
Similarly, probing pocket depths were significantly different (2.58±0.50 vs. 1.37±0.28 
mm). Once the ligatures were removed, however, the radiographical bone level changes 
were similar between the two types of connections (-0.007±0.33 and 0.02±0.04, 
respectively). Using similar experimental periimplantitis models, different studies have 
reported that several factors in the implant design may affect the rates of bone loss at both 
the induction and progression phases. When comparing implants with similar surface 
characteristics but with different macroscopic design and implant-abutment 
configuration, implants with platform switching connection had lesser bone loss than 
implants with a matching connection and tissue level design (4.19±0.63 vs 4.69±0.52 
respectively) or in comparison with other bone level implants (3.58±0.37 and 3.53±1.04) 
(Albouy et al., 2008).  Also, in another recent investigation using different implants with 
varying neck and implant-abutment configurations, similar results to those achieved in 
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this study was reported. Bone level implant (SLA) with platform switching connection 
abutment exhibited less peri-implant bone loss during the experimental induction phase 
(0.47±0.63) than other implants with different neck configurations, such as Brånemark 
Turned or Astra Tech (0.53±0.47 and 0.92±0.36 respectively)(Carcuac, Abrahamsson, et 
al., 2020). These lesser bone level changes reported in the bone level implants could be 
explained by the platform switching connection, which has shown to reduce the epithelial 
component of the biological width and, in turn, support the preservation of crestal bone 
levels (Becker et al., 2007; Becker et al., 2009). These outcome has also been reported in 
prospective clinical studies (Flores-Guillen, Alvarez-Novoa, Barbieri, Martin, & Sanz, 
2018; Messias et al., 2019; Schwarz et al., 2019). The smaller diameter of the abutment 
in relation to the implant neck may also influence the space and vertical position of the 
ligature during the induction phase. Even though the plaque accumulation effect may be 
similar, in the platform switching environment, the traumatic effect of the ligature may 
be lesser and hence, result in a different bone response especially in the period when 
ligatures are in place (induction phase) that is when the main differences in bone loss 
occur. This effect has also been shown in a non-peri-implantitis preclinical experimental 
model comparing implants with two different abutment shapes (wide emergence profile 
and narrow emergence profile), reporting that wide abutments resulted in significantly 
more bone loss (0.89±0.68 vs 0.30±0.30 respectively) (Souza, Alshihri, Kammerer, 








Figure 19. Radiographic assessment in both experiments. (A) Baseline visit, three 
months after implant placement. Ligatures were placed in this visit. (B) Ligature 
removal visit after induction process. (C) Progression visit, one month after ligature 
removal. Note differences in radiographic bone loss and bone defect shape, especially 
during induction phase. 
Our observations, therefore, indicate that implant to abutment configuration may 
play a role on the initiation of the disease and its early progression, since once the implant 
surface is exposed (progression phase) the bone loss rate was similar to the control group. 
The reduced bone loss observed in our study during the progression was also different to 
what has been reported in similar investigations, where greater bone loss was reported 
among different implants during this period without ligatures (Albouy et al., 2008; 
Albouy, Abrahamsson, Persson, & Berglundh, 2011; Berglundh, Gotfredsen, et al., 2007; 
Roehling et al., 2019). However, in these studies the differences in bone loss may be 
attributed to different surface characteristics among the tested implants. In fact, the 
surface component, which was not a factor in this investigation, has been the factor where 
more significant differences in bone loss have been reported. Berglundh compared two 
implants with the same design and macrostructure (Straumann® Tissue Level implants), 
but with different surface roughness (polished versus rough), reporting that while during 
the induction phase, both implants behaved similarly, when ligatures where removed 
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(progression phase), rough surface implants lost significantly more peri-implant bone 
than smooth surface implants (Berglundh, Gotfredsen, et al., 2007). These results were 
replicated in a similar investigation (Albouy et al., 2011), comparing implants with a 
turned titanium surface versus and moderately rough surface implants. Similar results 
were also reported when comparing zirconium implants with standard SLA® implants 
(moderately rough) reporting lesser bone loss in the zirconium implants (Roehling et al., 
2019). It is clear that implant surface influences peri-implant bone loss, especially once 
the implant surface is exposed.   
In this investigation, both experimental and control implants had the same surface 
characteristics, and hence, differences in bone loss rate, especially on induction phase, 
have been attributed to the different implant to abutment connection. This resulting mild 
experimental peri-implantitis may be an interesting experimental model to evaluate 
pathogenic factors involved in the progression of peri-implantitis or the test of preventive 
or therapeutic approaches aim to arrest the initiation and progression of this disease. 
 
Implant surface modifications and osseointegration 
Results from the third investigation of the present work revealed that a novel 
monophosphonate layer implant surface showed a more coronal first bone to implant 
contact and a higher amount of bone to implant contact in the coronal third of the implant 
to bone interface. This enhanced de novo bone apposition and higher rate  of 
osseointegration may be explained by the addition of phosphonates covalently bonded to 
titanium, that may exert an osteoinductive effect by attracting more bone-forming cells. 
These results coincide with a previously published experimental study using the same 
surface treatment in a sheep model, which reported higher removal torque forces, when 
compared with a control implant, as an indirect measure of a higher bone to implant 
contact (von Salis-Soglio et al., 2014). 
 
The methodology used in this investigation to evaluate the early and late stages of 
osseointegration (the wound chamber model) has been well validated in the scientific 
literature. A classic osseointegration pre-clinical study using this model reported that 
implants with a moderately rough surface exhibited a superior bone anchorage as 
compared to implants with a turned surface (Abrahamsson et al., 2004). The implant 





values, what may explain in part the excellent results in terms of BIC and early de-novo 
bone formation of the control implants.  
 
Modern research in implant surface technology is seeking to chemically modify 
the implant surface to achieve a “bioactive surface”, thus enhancing the bone healing 
dynamics immediately after implantation what may facilitate early bone to implant 
contact.  The addition of ions incorporated in the implant surface, such as Ca, P, Sr, F, 
NaOH and Mg have been studied in experimental studies, reporting higher BIC 
percentages and removal torque values during early healing healing times (Albrektsson 
& Wennerberg, 2019).  In an experimental study in Mongrel dogs, Berglundh et al. 
observed a significant increase in BIC in the fluoride-treated implants (Berglundh, 
Abrahamsson, et al., 2007). Similarly, Buser et al. reported an increase in bone to implant 
contact from 29% to 49% after two weeks and from 85% to 90% after eight weeks when 
implants with a moderate micro-roughness were rinsed in nitrogen rinsing and stored in 
isotonic NaCl solution (Straumann SlActive® surface) in a minipig experimental model 
(Buser et al., 2004). These results were also corroborated in human histological 
evaluation (Lang et al., 2011). Our present investigation corroborated these results also 
reporting a significant increase in BIC from 2-8 weeks, data was confirmed with the 
findings in Micro-CT analysis. In fact, the differences between the test and control 
implants in regard to the increase in bone to implant contact were higher at eight weeks, 
as compared to early healing. This values are superior to micro-CT bone to implant 
contact reported by other investigations assessing similar roughness implant surfaces, 
however without monophosphonate chemical treatment (Choi et al., 2016; Mangano et 
al., 2013; Sanz-Martin et al., 2017). This difference may be due to a sustained effect of 
the phosphonates layer over time as a result of the covalent bonding with the titanium 
surface. Similar results were also reported in another experimental study evaluating the 
incorporation of magnesium ions to an experimental implant surface, also reporting a 
stronger bone response compared to control implants. The authors explained this 
difference by the chemical bonding promoted by Mg incorporation, in spite of a surface 
micro-roughness (sa= 0,78 µm) lower than the control implants (Sul, Johansson, & 
Albrektsson, 2006). 
In the light of the results revealed in our preclinical investigation, the addition of 
a monophosphonate layer to a moderately rough implant promoted an improved de novo 
bone formation and a higher degree of osseointegration. This stronger bone to implant 
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contact may be more resistant to the bacterial plaque derived inflammation and hence, 
provide a better resistance to peri-implant infections.       
 
Implant surface modifications and peri-implantitis 
After development of experimental peri-implantitis, results of our last 
investigation revealed no superiority in terms of histological bone preservation by the 
monomolecular phosphonates layer implant surface. In both test and control implant 
groups, there was a significant increase in probing depths and radiographic bone loss, 
mainly during the ligature induced periimplantitis period (induction phase). After ligature 
removal, the disease progression continued, both clinically and radiographically, 
although at a much lesser pace.  
Implant surface macro, micro, nanostructure and chemical characteristics directly 
influence implant survival. In that sense, an increase in implant roughness up to moderate 
roughness increased short and medium term implant survival due to enhanced bone 
response on the early osseointegration phases (Doornewaard et al., 2017). Implant 
survival is an indicator or early success of the implant supported treatments. However, 
long term success is based on the absence of biological and mechanical complications. In 
a preclinical study, the group of Albouy et al, when using a similar experimental design 
as the one followed on the present investigation, similar results were observed in terms 
of radiological bone loss between implants with different surface roughness (3.00 mm for 
turned surface and 3.27 mm for rough surface implants) in the beginning of the disease 
development (induction phase) (Albouy et al., 2012). These results, which are in line with 
the results of our preclinical investigation (2.53±0.39 mm and 2.55±0.3 mm of 
radiographic bone loss in both test and control groups), demonstrate that at induction 
phase, where surface is starting to be exposed, implant surface roughness does not play a 
major role on disease development. However, as it is known, increased surface roughness 
that improves osseointegration outcomes as a result of a better cellular attraction to the 
implant surface, stimulates, as well, bacterial challenge when surface is not covered with 
bone (John et al., 2015). Translated to the experimental model, the moment when implant 
surface is exposed once the ligatures are removed (progression phase), bone loss 
continues. The results from our investigation (0.21±0.32 mm and 0.15±0.3 mm, for test 
and control groups) are comparable to those reported (0.03 mm) when using a similar 





However, in our investigation, since all implants had the same microsurface 
topography, differences in bone loss progression could only be attributed to the different 
chemical surface treatment. Our results showed progressive bone loss in both test and 
control surfaces (2.75 mm of radiographic bone loss in test and 2.71 mm in control 
implants), around 35% of peri-implant bone loss, comparable to similar investigations 
(Albouy et al., 2008; Albouy, Abrahamsson, Persson, & Berglundh, 2009).  
The histological results corroborated the clinical and radiographical data, 
depicting that the novel implant surface had lower buccal bone loss and higher remaining 
bone to implant contact at the end of the experimental periimplantitis period, when 
compared to the control implants, although these differences were not statistically 
significant. This novel implant surface had previously been tested in pre-clinical studies 
demonstrating significantly better osseointegration when compared with implants with 
conventional implant surfaces (von Salis-Soglio et al., 2014). However, this significant 
added value was not demonstrated in human clinical trials, in which these chemically 
modified surface implants did not perform significantly better than control implants, but 
proved to be safe and achieving a high degree of osseointegration (Esposito, Dojcinovic, 
Buchini, Pechy, & Aronsson, 2017). In our study, although phosphonate surface 
treatment showed better buccal bone to implant contact (BIC), when compared to control 
implants (50.4% vs 47.4%), this difference did not imply a higher resistance to 
experimental peri-implantitis, since the defect length values were  similar in both groups 
(3.14 vs 3.26). This behavior may be explained by an effect of the novel surface on early 
osseointegration, thus attaining higher increase in bone to implant contact, but this fact 
did not prevent bone resorption in response to the combination of the trauma of ligature 
placement and the biofilm derived inflammation.  
 
There have been other attempts at developing implants with a lesser susceptibility 
to periimplantitis by modifying the external implant surface, mainly through the addition 
of coatings with antimicrobial effect. Hydroxiapatite (OH-AP) coatings show similar 
susceptibility to conventional moderately rough surfaces (Madi et al., 2013; M. C. 
Martins et al., 2004; Tillmanns et al., 1998). These results are in line with the present 
study. The only surface modification that that has shown a higher resistance to bacterial 
challenge is silver coatings. Godoy-Gallardo et al, reported that silver coated implants 
(3.2±0.7 mm of histological bone loss) and silanized coated implants (3.2±0.7 mm) had 
less bone loss when compared with conventional titanium implants (3.9±1.0 mm) 
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(Godoy-Gallardo et al., 2016). The results from our investigation reported a similar 
degree of histological bone loss (3.14±0.42 in test vs 3.26±0.28 in control) compared with 
the coated surface implants, although the long-term outcomes of these coated surfaces, 
once the metal ions have been fully released is uncertain. Silver coatings had shown their 
antibacterial effect not only on implant surface but also on abutments surface. Similarly, 
other investigators have tested glass/n-Ag coated titanium abutments using the 
experimental peri-implantitis model. The histological bone loss observed in implants 
covered with the biocide coating abutment (1.32 mm) were about twice lower than control 
abutments (3.47 mm), in spite of having a higher roughness (Lopez-Piriz et al., 2012). 
These findings underline the fact that other elements than implant surface, such as the 
abutment configuration may play an important role on peri-implant disease development. 
Abutments have shown different bone response not only dependent on their surface, but 
also on configuration, mainly its height and the type of implant to abutment connection, 
with longer abutments showing a lesser marginal bone loss (Blanco et al., 2018) and 
tighter implant to abutment and switching platform connections being associated with 
lesser bone loss (Galindo-Moreno et al., 2015; Monje & Pommer, 2015). In that sense, 
our study revealed that the type of implant-abutment configuration has an impact on peri-
implantitis development. On the last ligature change visit (between 3- and 4-months 
visit), abutments were changed from platform switching abutments to platform matching 
abutments. During the period that matching abutment were covering the implants (one 
month), radiographic bone loss was twice (1mm) of the previous month, when platform 








Figure 20. Radiographic and clinical differences during induction phase. Note increase in 
bone loss within one month after abutment change from platform switching to platform 
matching.  
 
Taking into consideration all the findings exposed in the present work, due to 
unpredictability of regenerative therapies of previously contaminated implant surfaces, 
focus must be placed on reducing peri-implantitis disease occurrence. The 
monophosphonate chemical implant surface treatment used in this investigation, although 
enhancing the bone response during the early osseointegration stages, did not prevent, the 
initiation and progression of experimental peri-implant disease. Prevention of the implant 
surface exposure must be a priority goal for peri-implant disease avoidance, and for that 






Common limitations to all the present studies 
 
As preclinical animal investigations, the experimental nature of the studies has 
implications on data translatability and interpretation (Vignoletti & Abrahamsson, 2012). 
First, in experimental animal studies the bone remodeling rates are higher than in humans 
and this could lead to confusion in translating the healing times, bone regeneration 
capacity and the percentages of osseointegration to the clinical situation. Also, these 
experimental studies have limited sample sizes, which may jeopardize the proper 
interpretation of the results. Underpowered animal studies, however, is a common 
situation generally due to lack of sample size calculation (only 2% of the animal studies 
report to calculate sample size (Faggion et al., 2016)) and due to obvious ethical 
considerations. Another usual limitation in this type of studies is related to the histological 
assessment, as only one dimension is studied (bucco-lingual section), hence missing the 
structural changes occurring in the mesio-distal dimension.  
 
Specific limitations of the first investigation 
In this experimental study, the development of the peri-implant disease, although 
similar to naturally occurring disease, is induced by means of submarginal placement of 
silk ligatures, which implies a mechanical effect, which does not occur in the naturally 
developed disease. Also, specific staining for differentiating mature from regenerated 
bone was used, what may not be considered truly specific for newly formed bone, since 
we did not utilize fluorochrome markers for such purpose. In addition, defects created in 
this study, due to platform switching abutment connection, were mainly supraosseous, 
which are unfavorable for regenerative approaches and, therefore, may have contributed 
to the absence of differences between treatment groups. Regarding longitudinal 
radiographic examination, no customized radiographic filmholders were used, and 
therefore radiographs were neither parallel, nor in the same position in all the 
examinations.  
 
Specific limitations of the second investigation 
In addition to the limitations inherent in the ligature experimental induction 





studies analyzed in this report are independent studies, that, although performed by the 
same researchers and following exact protocols, timing, facilities and materials, were not 
performed in the same set of animals and this fact could influence somehow the results 
obtained by direct comparison. The comparison should have ideally been made within 
the same study following a sample size calculation based on the primary outcome 
variable. Radiographic examinations were not performed under parallel devices, so slight 
variations between visits may be expected. 
 
Specific limitations of the third investigation 
In this study, it should be noted that in spite of the utility of the wound chamber 
model to quantify the early de novo bone formation on the implant surface, this alteration 
of the implant macro-geometry does not exist in commercially available implants. In 
addition, due to histological division of the samples, the number of preparations measured 
were significantly reduced. 
 
Specific limitations of the fourth investigation 
Again, in this study wound chamber design implants were used, which are 
different from commercially available. Also, during histological processing, the sample 
was divided, providing half of the implants for ground section analysis. Finally, as in 
previous studies, experimental peri-implantitis induction model limitations were present 
as well in this study. Regarding longitudinal radiographic examination, custom parallel 
filmholders were not used in this experiment, and therefore some variations on the 
position of the radiographic images may be expected. 
 
Implications for future research 
The present work has studied in depth the experimental in vivo methodology to 
develop peri-implant diseases and inn the light of the present results, several factors have 
been found to influence the magnitude and speed of experimental peri-implantitis 
development. First, platform switching abutment connection significantly slowed the 
induction process of the disease due to the coronal retention of the silk ligatures. This 
finding may be used by future researchers to modulate the degree of disease as well as 
the speed of peri-implantitis development and allows to choose between a milder disease 
(using platform switching abutments) or an advanced disease (using matching 
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abutments). It should be taken into consideration that if advanced disease development is 
required with platform switching connection abutments implants, induction phase should 
be performed with double ligature protocol, and progression phase should be extended 
for at least three more months. In addition, it seems that distance between implants may 
also modulate the pace of disease development. When implants are very separated from 
each other, animals self-cleaning capacity is increased and therefore, disease will develop 
slower than if implants are placed closer.  
The present work has also evidenced some limitations of the histological analysis, 
which allows for a good descriptive study of the samples, however dismisses a huge 
amount of information regarding quantitative analysis. Future research should always 
combine histological detailed analysis with microtomographical tridimensional 
quantitative analysis as well as soft tissue volumetric analysis performed with intraoral 
scanners.   
The present work has evidenced that our knowledge in the etiopathogenesis of 
peri-implant diseases is still scarce and the possible impact of implant surface 
modifications must be further elucidated, since an enhanced rate of osseointegration may 
not implicate a stronger bone to implant connection with reduced  susceptibility to peri-
implantitis. Future research should focus on studying strategies towards preventing the 
exposure of implant surfaces to the oral environment and in that sense effective bone 












Conclusions of the present series of investigations are the following:  
 
1. The addition of rhBMP2 to a GBR bone regenerative intervention including a bovine 
xenograft/collagen vehicle carrier and a natural collagen membrane failed to 
demonstrate a significant added regenerative outcome in the treatment of bone peri-
implant defects.  
2. Partial re-osseointegration of a previously contaminated surface was achieved, 
although complete defect resolution and re-osseointegration failed to occur 
irrespective of the addition of rhBMP-2 growth factor. 
3. A switching abutment connection in a bone level design implant resulted in a milder 
degree of bone loss during the induction phase of experimental periimplantitis 
compared to a tissue level neck configuration implant. However, this difference  
disappeared once the ligatures were removed (progression phase).   
4. Although a better coronal BIC% and most coronal fBIC were observed in the 
monophosphonate layer surface implants, clinical and adiographic outcomes were 
similar, as compared to the control implants. 
5. The addition of a monophosphonate layer to a moderately rough implant, although 
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